So far, several transition metal dichalcogenides (TMDCs) based two-dimensional (2D) topological insulators (TIs) have been discovered, all of them based on a tetragonal lattice. However, in 2D crystals, the hexagonal rather than the tetragonal symmetry is the most common motif. Here, based on first-principles calculations, we propose a new class of stable 2D TMDCs of composition MX 2 (M=Mo, W, X=S, Se, Te) with a hexagonal lattice. They are all in the same stability range as other 2D TMDC allotropes that have been demonstrated experimentally, and they are identified to be practical 2D TIs with large band gaps ranging from 41 to 198 meV, making them suitable for applications at room-temperature. Besides, in contrast to tetragonal 2D TMDs, their hexagonal lattice will greatly facilitate the integration of theses novel TI states van-der-Waals crystals with other hexagonal or honeycomb materials, and thus provide a route for 2D-material-based devices for wider nanoelectronic and spintronic applications. The nontrivial band gaps of both WSe 2 and WTe 2 2D crystals are 198 meV, which are larger than that in any previously reported TMDC-based TIs. These large band gaps entirely stem from the strong spin-orbit coupling strength within the d 2 orbitals of Mo/W atoms near the Fermi level. Our findings will significantly broaden the scientific and technological impact of both 2D TIs and TMDCs.
I. Introduction
The recent discovery of topological insulators (TIs), materials that act as insulators in their bulks yet support quantized gapless surface or edge states, has unleashed tremendous interest in condensed matter physics and material science owning to their rich physics and potential applications [1] [2] [3] .
Charge carriers in such surface or edge states are helical Dirac fermions, which, different from conventional Dirac fermions, behave as massless relativistic particles with an intrinsic spin locked to its translational momentum because of time-reversal symmetry [4] . This allows the unique possibility of realizing coherent spin transport without heat dissipation [5, 6] . Particularly in two-dimensional (2D) TIs, also called quantum spin Hall (QSH) insulators, the electrons at the edge can only move along two directions with opposite spins and thus insensitive to nonmagnetic chemical and structural edge modification, making 2D TIs better suited for potential dissipationless device applications [7] . Unfortunately, the realization of 2D TIs in experiment is challenging. Up to now, despite plenty of three-dimensional (3D) TIs being identified experimentally [8, 9] , the only experimental confirmation of 2D TIs was reported in HgTe/CdTe and InAs/GaSb/AlSb quantum well systems in an extreme experimental condition below 10 K [10] [11] [12] , due to the tiny nontrivial bulk band gap and other complex factors in dealing with edge states. Therefore, searching for more feasible room temperature 2D TIs especially in commonly used materials is of great importance for their practical utilization. To this end, various strategies to produce 2D TI with large band gap have been followed [13] [14] [15] [16] [17] .
Among all the predicted and synthesized 2D crystals, transition metal dichalcogenides (TMDCs), such as MX 2 with M=(Mo, W) and X=(S, Se, Te), are of particular appealing because of their unique material properties and potential applications in various electronic and optical devices 3 [18] [19] [20] [21] [22] [23] . Possessing strong intrinsic spin orbit coupling (SOC) [18] [19] [20] [21] , MX 2 2D crystals have the potential to present QSH effect at room temperature, as well to be desirable to combine topological insulator with nanoelectronic devices. Indeed, several exploratory works have already been carried out in this realm. For instance, MX 2 2D crystals with a distorted octahedral structure (termed as T′-MX 2 -as we will discuss exclusively 2D crystals with a single layer we will omit the stacking index in all crystal phases) were recently predicted to be new 2D TIs and topological field-effect transistors based on van der Waals heterostructures of T′-MX 2 and 2D dielectric layers were proposed [24] . In addition to the T′ phase, which possesses a rectangular lattice, 2D MX 2 crystals with a square lattice (termed as S-MX 2 or also MX 2 Haeckelite) were predicted to be QSH insulators [25] [26] [27] [28] [29] . Nevertheless, among all the previously reported 2D TIs as well as 2D trivial insulators, hexagonal, rather than the tetragonal, lattices are most commonly found in nature. This gives rise to the fundamental question: Is it possible to realize the QSH effect in hexagonal 2D MX 2 crystals, and if so, will it be observable at room temperature? Establishing these expectations successfully would not only enrich material science but also may lead to an untold number of applications.
In the present study, using ab initio simulations, we will show that the QSH effect can indeed exist in hexagonal 2D MX 2 crystals (H′-MX 2 ). Inspired by recent experimental and theoretical works on the stable grain boundary structures of TMDC 2D crystals [30] [31] [32] , we predict a new family of H′-MX 2 (M=Mo, W, X=S, Se 2 , Te). By combing phonon dispersion calculations with finite temperature Born-Oppenheimer molecular dynamics (BOMD) simulations, we demonstrate the dynamical and thermal stability of these H′-TMDC structures except for unstable H′-MoTe 2 . We will further reveal all these systems are 2D TIs with a sizable bulk band gap, ranging from 41meV to 198meV, thus satisfying room-temperature spintronic applications. In particular, the nontrivial bulk band gap of 198 meV in H′-WSe 2 and WTe 2 is the largest value among all the reported TMDC-based 2D TIs.
II. Computational Details

4
Density functional theory (DFT) based first-principles calculations are performed using the projector augmented wave (PAW) method [33] as implemented in the VASP code [34, 35] . The exchange-correlation energy is treated using the generalized gradient approximation (GGA) in the form of Perdew-Burke-Ernzerhof (PBE) functional [36] . The cutoff energy is 500 eV. Sufficient vacuum of more than 18 Å is used along the z direction, i.e., perpendicular to the 2D sheet, to avoid spurious interaction among the periodic images. The Brillouin zone (BZ) is sampled for integrations according to the Monkhorst−Pack scheme [37] , with grids of 9×9×1 and 11×11×1 k-points, respectively, for geometric optimization and self-consistent calculations. All the structures are fully relaxed until the residual forces on each atom are smaller than 0.01 eV/Å. SOC is taken into account in terms of the second-variational procedure with the scalar relativistic eigenfunctions as basis set [38] . For the ab initio BOMD simulations, a canonical ensemble is simulated using the algorithm of Nosé. The cutoff energy is 400 eV. We adopt a relatively large supercell of 2×2 unit cells, with lattice parameter larger than 18 Å×18 Å. The phonon frequencies are calculated by using DFPT method [39] as implemented in the PHONOPY code [40] .
III. Results and Discussion
In the commonly studied phase (namely the H phase) of MX 2 2D crystals, the lattice is built entirely by the six-membered rings consisting of hetero-element M-X bonds. In addition to the regular six-membered rings, other types of rings have also been observed at the grain boundaries in H-MX 2 2D crystals [30] [31] [32] . Inspired by these stable grain-boundary structures, we build a new phase of MX 2 2D crystals; that is, H′-MX 2 . Top and side views of the optimized crystal structure of the H′-MX 2 2D crystals are shown in Figure 1 . The structure crystallizes in the space group D 6h and each unit cell contains six transition metal (M) and twelve chalcogen (X) atoms. From the side view, as shown in Figure 1 (b), a sandwich configuration is observed, where the M layer is inserted between two layers of X atoms via strong ionic-covalent bonding. While the top view shows that, in addition to the six-membered rings, the new phase is also composed of four-and twelve-membered rings, forming a 2D hexagonal lattice. Interestingly, we note that this new structure resembles the 5 structure of the recent experimentally identified monolayer C2N-h2D [41] . By replacing the C 4 N 2 rings with the four-membered M-X rings, the structure of H′-MX 2 can be obtained. Table 1 , and demonstrate that the thermodynamic stability of the H′ phase is comparable to those of the corresponding T phase. From Table 1 , we can see that the total energy difference between H′ phase and H phase is a little large. However, it should be noted that T phase is also energetically less favored, even so, T phase 2D crystals have been obtained in many experiments [42] [43] [44] . Furthermore, recently, T phase 2D crystals have already been used as a cocatalyst in a silicon-based photoelectrochemical cell for hydrogen evolution [44] and as platforms for selective gas sensing [45] . Considering the fact that the total energies of H′ phase are comparable to that of T phase (the energy difference between H′ phase and T phase is only 23, -22, -43, 2, 3 and -1 meV, respectively, for WS 2 , WSe 2 , WTe 2 , MoS 2 , MoSe 2 and MoTe 2 2D crystals), it is reasonable to expect that our proposed H′ structure could be found at least with the same probability as T configuration. Interestingly, T' phase is more stable than T phase, which is in good agreement with the previous work [24] . is a characteristic feature of the phonon dispersion in layered materials, it was, for example, observed experimentally in graphite, boron nitride, and gallium sulfide [46] . In contrast, H′-MoTe 2 2D crystal is instable, a result of an imaginary frequency around the M point (see Figure S2 ), resulting predominantly from the out-of-plane vibrations. According to Figure 1(d) and Figure S2 , it is intriguing to note that, when moving from X=S to Te, the phonon branches in H′-WX 2 2D
crystal are shifted to lower frequencies. This finding mainly stems from that the mass of the X atoms increases with the sequence of S< Se< Te [47] . Similar behavior is also observed in H′-MoX 2 2D crystals. Figure S3 and Figure S4 . After annealing at 300K
and 500 K for 2.5 ps with a time step of 1 fs, neither structure disruption nor structure reconstruction was found to occur in all these systems. Moreover, we find that geometry optimizations of several molecular dynamics snapshots for these 2D crystals result in their corresponding original structures. To further confirm the thermal stability of these systems, we extend the annealing time of BOMD simulations from 2.5 ps to 10 ps. The corresponding results are presented in Figure S5 and S6. We can see that, even after annealing at 300K and 500K for 10 ps, there is still neither structure disruption nor structure reconstruction in all these systems. These To properly address of the electronic band structure of H′-MX 2 2D crystals, one needs to go beyond calculations in scalar relativistic approximation and include SOC. Electronic band structures of H′-MX 2 2D crystals with the involvement of SOC are plotted in Figure 3 and Figure S7 . Clearly, the SOC interaction lifts the degeneracy of the CB and VB at the Γ point and shifts the CB (VB) upwards (downwards), resulting in an insulating phase with a large band gap, see Figure 3 and crystals. Moreover, the SOC-induced W-shape CB and roughly M-shape VB provide another sign of a nontrivial phase [50, 51] .
To firmly identify the nontrivial topological phase in H′-MX 2 2D crystals, we have implemented the direct calculation of Z 2 topological invariants (ν) by evaluating the parity eigenvalues of the occupied states at all time-reversal invariant momentum (TRIM) points of Brillouin zone [52] . The first Brillouin zone of H′-MX 2 2D crystal is plotted in Figure 1 It is important to notice that both VB and CB at the Γ point comprising M-d z2 and M-d xy/x2−y2 orbitals show odd parity. Therefore the underlying mechanism is that, as SOC is taken into account, the Fermi level separates one odd parity state from another odd parity state and a nontrivial topological nature is then established. During this process, no parity exchange is induced.
Given these results, we believe that the QSH effect can be observed at room temperature in At last, we comment on the possible routes for synthesizing H′-MX 2 2D crystals. Since the total energies of H′ phases are comparable to that of T phases, probably H′ phase can be realized by co-opting the similar ways used to prepare T phase [42] [43] [44] . One possible approach to realize the H′-MX 2 2D crystals is to grow the H′-MX 2 2D crystals on a substrate which interacts weakly with the films. The substrate growth method is well developed now. An alternative way is the colloidal 13 chemical synthesis strategy, which can also be employed to prepare H′-MX 2 2D crystals. Such two well-developed methods, which are effective in preparing the energetically comparable T-MX 2 2D
crystals, both could in principle realize H′-MX 2 monolayers with high crystallinity. Besides, the H' phase may coexist with the robust H phase within the same sample. Under such condition, the nontrivial topological performance of the H' phase may be affected. Therefore, a further study concerning this should be performed in further works.
IV. Conclusion
In conclusion, we report the discovery of a novel stable phase of MX 2 
